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Competitive flow reduces the patency of arterial grafts after coronary bypass surgery. Competitive flow is dynamic, relative, and to a certain extent unavoidable. The preoperative assessment of the severity of coronary stenoses and the prediction of competitive flow can be improved by the addition of fractional flow reserve (FFR) measurements to coronary angiography, but the potential for mitigation of the effects of competitive flow by different graft configurations appears limited. Evidence relating to assessment by FFR and management by selective graft configuration will be reviewed separately as follows.
FRACTIONAL FLOW RESERVE The Principle of Fractional Flow Reserve
FFR is the ratio of pressure measurements in the poststenotic section of a coronary artery and in the ascending aorta at maximal coronary vascular pharmacologic dilatation. A decrease in the coronary artery pressure relative to the aortic pressure in association with a decrease in vascular resistance in the coronary arteriolar system implies a restriction of the increase in flow that would normally occur during a period of low vascular resistance. A coronary artery pressure to aortic pressure ratio of less than 0.8 implies a significant coronary artery stenosis. As flow is proportional to pressure, this pressure ratio is termed ''fractional flow reserve'' and is the physiologic or functional estimate of a coronary artery stenosis. Unfortunately, there is no calculation that can convert an FFR estimate of stenosis to equate to an anatomic (angiographic) estimate, but correlations have been developed from observation. The Fractional Flow Reserve versus Angiography for Multivessel Evaluation (FAME) trial showed that for angiographic stenoses greater than 90%, FFR was negative (ratio >0.8) in 4% of patients; for stenoses 71% to 90%, FFR was negative in 20% of patients; and for stenoses 51% to 70%, FFR was negative in 65% of patients.
1 FFR for percutaneous coronary intervention (PCI) tested the hazard of unnecessary stent deployment (false-positive angiogram) against the hazard of failure to deploy appropriately (false-negative FFR). Although the occurrence of a false-positive angiogram carries the greater hazard, it does not mean that a false-negative FFR is without hazard. These hazards are specific for deployment of drug-eluting stents in the prescribed clinical situation. The false-negative rate for FFR has been estimated at 12% in a small trial (n ¼ 24) when tested against the combination of stress testing for evidence of myocardial ischemia and a positive angiogram. 2 The FFR false-positive rate appears irrelevant and cannot be determined when only tested against angiographically positive stenoses, but has been estimated at 8% in one small study (n ¼ 62) of nonstenotic coronary artery disease, 3 and although not quantified in the DEFER trial, appeared to be significant, possibly contributing to adverse outcomes in the reference group 4 (n ¼ 325). alone for guidance of stent deployment in multivessel disease. The addition of FFR to guide stenting of coronary artery stenoses reduced the number of stents deployed by 30% relative to guidance by angiographic assessment alone, with an associated decrease in the combined outcome of death, myocardial infarction, and repeat revascularization. 1 The difference in event rates occurred in the first 14 days after PCI, but subsequently, the event rates in each group were almost identical over the ensuing 5 years so that the initial statistically significant difference was lost in the subsequent larger numbers of events. 5 There is some concern that the use of FFR will likely downgrade some stenoses from visually significant to functionally insignificant with the result that some patients who would normally be recommended for coronary artery bypass grafting (CABG) for survival benefit will no longer receive that recommendation. Although this may be superficially logical, it lacks supporting evidence. Indeed, the recent FUnctional Testing Underlying Coronary REvascularization randomised trial (angiography þ FFR vs angiography only guided management of multivessel disease including the left anterior descending) (n ¼ 936) was terminated prematurely because of increased mortality in the FFR arm. 6 Of note, the excess mortality was predominantly in the PCI cases in that arm. Although detailed analysis of data is not yet available, it will be particularly important for the investigators to demonstrate whether the excess mortality was due to changing interventional options from CABG to PCI after FFR.
The Role of Fractional Flow Reserve in Coronary Surgery
In the only published trial of FFR before coronary surgery with subsequent angiographic follow-up (n ¼ 153), the surgeons were blinded to the findings of preoperative FFR. This trial demonstrated that occlusion of grafts to arteries with angiographically (anatomically) significant but FFR (physiologically) insignificant stenosis resulted in insignificant morbidity. Furthermore and somewhat surprisingly, graft closure due to competitive flow was equally apparent for both vein and arterial grafts. 7 However, this trial was not designed to assess the safety of FFR-guided coronary surgery or sufficiently powered to confirm the safety of graft occlusion to arteries with nonphysiologic stenoses. In a separate retrospective observational study of FFR-guided coronary surgery, there were fewer coronary anastomoses and a lower incidence of subsequent angina in the FFR group (n ¼ 198) versus the angiogram only group (n ¼ 429), but an important limitation was a failure to establish the effect of the use of FFR to change the interventional strategy from CABG to PCI. 8 As such, there is little evidence supporting the use of FFR for coronary surgery. Intuitively, FFR might improve coronary bypass graft patency rates by reducing the incidence of the deleterious effects of competitive flow on arterial grafts, but the extent of the potential clinical benefit from the avoidance of graft occlusion due to competitive flow is unknown. Whereas the unnecessary deployment of stents to coronary arteries without significant stenoses has been definitively shown to increase patient morbidity, the deployment of additional coronary bypass grafts to arteries without significant disease appears to carry minimal morbidity. Although the occlusion of an unnecessary stent causes occlusion of a high-flow coronary artery with potentially devastating clinical impact, the closure of an unnecessary bypass graft has little impact on coronary flow or subsequent clinical outcome.
As clearly demonstrated in the TAXUS Drug-Eluting Stent versus Coronary Artery Bypass Surgery for the Treatment of Narrowed Arteries (SYNTAX) trial, 9 the evidence for the survival benefit provided by coronary surgery is based on the visual angiographic rather than the functional FFR assessment of coronary artery stenoses. Consequently, it is reasonable to suggest that the survival benefit of CABG is driven by grafts to coronary arteries with both anatomically and physiologically significant stenosis and not by those without both, but this is yet to be proven. It is important to understand the evidence on which a recommendation for survival benefit for CABG can be made. 10 The randomized trials of coronary surgery versus medical therapy that commenced during the 1970s provided data on which recommendations have been based for many years. The Coronary Artery Surgery Study (n ¼ 780) used a 70% or greater anatomic stenosis in a major artery in each system as the definition of triple-vessel disease, but this did not provide a survival benefit over medical therapy unless it was in conjunction with another risk factor, such as left ventricular impairment, stenosis in the proximal left anterior descending artery, a strongly positive stress test, or Canadian class symptoms greater than 2.
11 The other trials conducted at that time used a 50% or greater coronary stenosis for trial entry, but a subgroup analysis to determine the significance of moderate stenoses (50%-70%) was not performed. 12 The findings of the SYNTAX trial (n ¼ 1800) (coronary surgery vs PCI for triple-vessel disease or left main coronary artery stenosis) also were based on anatomic assessment of the coronary stenoses, and the SYNTAX score required for a survival benefit from coronary surgery relative to drug-eluting stent deployment was remarkably consistent with recommendations based on the trials of the 1970s. 9, 13 These findings are consistent with data from the New York State 14 and Duke University 15 registries. The hazard of grafting vessels with insignificant stenoses appears small, but failure to graft major vessels with a stenosis greater than 50% at the time of surgery is associated with reduced survival, 16 and a survival benefit for internal thoracic artery (ITA) grafts to the subset of coronary arteries with moderate stenoses has been demonstrated. 17 The intraoperative decision making for survival benefit (stenosis 50%) differs from the preoperative decision making (stenosis 70%). This among other factors has contributed to confusion regarding the definition of prognostically significant coronary stenoses.
In summary, (1) FFR has proven benefit in guiding PCI, but there is insufficient evidence to determine that FFR improves clinical outcomes of coronary surgery; (2) FFR is not a stand-alone investigation and primarily is used to improve the angiographic assessment; and (3) FFR is likely to be of benefit in the assessment of angiographically equivocal stenoses before coronary bypass surgery.
ARTERIAL GRAFT CONFIGURATION
For patients undergoing coronary bypass surgery in whom moderate stenoses are likely to be associated with competitive flow, the management choices are to graft or not to graft, to modify the selection of the bypass conduit, or to modify the bypass graft configuration. Tatoulis and colleagues 18 have demonstrated an increased sensitivity of the radial artery to the effects of competitive flow resulting in an increased incidence of graft occlusion relative to that of ITAs. The extent of the sensitivity of the radial and gastroepiploic arteries has not been quantified or studied as extensively as that for ITAs for which a variety of bypass configurations have been studied.
There has been 1 randomized trial and several observational comparative studies with long-term clinical followup comparing bilateral ITA in situ grafts with a bilateral ITA composite Y graft configuration (free right ITA joined to the side of the left ITA). The randomized trial (n ¼ 304) showed no difference in graft patency rates at elective angiography 6 months postoperatively 19 but a benefit for the Y graft configuration in reducing the combined outcome of death, myocardial infarction, revascularization, and stroke at 7 years. There was no difference in survival, 20 but the benefit for the composite outcome was driven by a lower rate of repeat revascularization in non-ITA-grafted territories reflecting the wider territory of ITA myocardial revascularization in the Y graft group (due to the greater number of distal ITA anastomoses, 3.2 vs 2.4 per patient) rather than improved graft patency. The observational studies (total n ¼ 3548) did not look at graft patency. [21] [22] [23] Consequently, because graft occlusion uncommonly causes clinical events, the observational studies are unlikely to show a difference in clinical outcomes even if one of the groups had a higher incidence of graft closure due to competitive flow. Measurement of clinical events is a poor indicator of graft occlusion due to competitive flow. A recent observational study comparing outcomes from 2 different institutions with bilateral ITA Y (n ¼ 771) configuration at one institution and bilateral ITA in situ (n ¼ 436) at the other provided a large cohort for analysis and showed a survival benefit for the bilateral ITA Y configuration at a mean follow-up of 7 years. 24 However, a recent meta-analysis of the studies comparing in situ with Y graft ITA configurations showed no significant difference in clinical outcomes. 25 
Competitive Flow and Bypass Grafts
Although saphenous vein graft patency rates are more resistant to the effects of competitive flow, they are also associated with accelerated native coronary artery disease in comparison with arterial grafts. 26, 27 Analyses of symptom-driven late angiography from the Cleveland Clinic 26 (n ¼ 4333) and Westmead Hospital 28 (n ¼ 296) have suggested a near linear relationship between the odds ratio of ITA graft occlusion and the severity of the native vessel stenosis between 50% and 100% as seen at preoperative angiography. At the Cleveland Clinic, the grafts were predominantly in situ individual ITA grafts, and at Westmead Hospital they were entirely bilateral ITA Y grafts from the left ITA. Despite this, the relative risk of graft occlusion due to competitive flow was similar.
There is no threshold in this range (50% stenosis) at which the patency of ITA grafts substantially decreases in either group. The risk of occlusion of an ITA graft to a coronary artery with a 50% stenosis is approximately 4 times the risk of occlusion to an equivalent vessel with a proximal occlusion (100%). Because the risk of an ITA graft occlusion to a completely occluded coronary artery is low, even a 4-fold increase is still low, and the majority of ITA grafts remain patent. 26, 28 The graft patency rate and patient survival at 10 years exceed that of vein grafts for all such coronary vessels except grafts to the right coronary artery. 17, 26 In summary, there is no evidence that any configuration of bilateral ITAs is better than another for equivalent myocardial territories grafted, and because the Y-graft configuration permits a greater number of distal anastomoses, this provides a wider ITA grafted myocardial territory with a reduced requirement for subsequent revascularization and a possible small survival benefit.
Angiographic Assessment of Competitive Flow
For assessment of asymptomatic graft closure rates, midterm elective angiography or computed tomography angiography is required. This is uncommon and usually restricted to rigorously conducted trials. Early elective angiography is routinely performed in many Japanese centers, and the group from the National Cardiovascular Centre in Osaka (Nakajima and colleagues 29 ) has published numerous analyses of the findings of competitive flow at early routine angiography and the incidence of graft failure at subsequent symptom-driven angiography. Using composite arterial graft configurations and multiple sequential anastomoses were predictors of the finding of competitive flow at early angiography, and the finding of competitive flow predicted subsequent graft occlusion. However, 30 a term that is misleading. Coronary angiography is performed at rest, and the effects of exercise on graft and coronary flow interaction in the presence of competitive flow have not been studied in detail. Although a negative FFR might suggest that the flow competition will persist during exercise, the probability is that the majority of these arterial grafts will remain patent. 7 More important, the graft angiography technique tends to be standardized regardless of the nature of the graft. Therefore, a high-flow graft will receive the same pressure and volume of dye injection as a low-flow graft. The dye in a high-flow graft with multiple coronary anastomoses will be diluted by the higher graft flow and have more difficulty opacifying all coronary anastomoses. This was confirmed by Nakajima and colleagues, 31 who found that high-flow grafts (composite grafts and single grafts with multiple anastomoses) predicted the finding of competitive flow, but only low-flow grafts (single grafts or terminal segments of sequential grafts, particularly to the right coronary system) predicted graft occlusion in association with competitive flow. High-flow arterial grafts also have greater internal diameters such that there is less resistance to backflush of dye with resultant dissipation of both dye volume and pressure. Figure 1 and Video 1 show the effects of deep engagement of a 12-year-old single ITA graft. With little back-flush of dye, the full pressure and volume of the injectate was transmitted down the graft and back up the coronary artery into the aorta. Pevni and colleagues 32 have reported grafts where the anastomoses have been opacified only by increasing the pressure and volume of the injectate above the standard amount. The finding of competitive flow at early postoperative angiography alone is an unreliable predictor of subsequent clinical events.
CONCLUSIONS
FFR has proven benefit in guiding PCI. There is no evidence that FFR improves the clinical outcomes of coronary surgery, although the greater accuracy in assessing coronary stenoses is appealing. The improved accuracy provided by the addition of FFR might allow downgrading of the visual severity of coronary disease from prognostically significant, but this is an assumption and not supported by current evidence. There is no evidence that any configuration of bilateral ITAs is better than another in any respect for equivalent myocardial territories grafted, including the effects of competitive flow. The presence of competitive flow in moderately stenotic branches of the left coronary system does not reduce ITA graft patency below that of vein grafts. We recommend the following: Clinicians who perform FFR-guided coronary bypass surgery should prospectively record all relevant data (including data on patients downgraded to PCI) required for publication of observational and comparative studies. Depending on the findings of the FUnctional Testing Underlying Coronary REvascularization trial, a randomized trial of FFR-guided versus angiography-guided coronary grafting of moderate stenoses only, without management downgrading, may be useful. Such a trial should be sufficiently powered to allow subset analyses of high runoff and low runoff coronary arteries, different myocardial territories, and sequential or end-toside anastomoses.
